We describe the structure of an Arabidopsis thaliana genomic clone containing two classes of repetitive DNA elements derived from the centromere region of chromosome 1. One class is comprised of tandem arrays of a highly reiterated repeat containing degenerate telomere sequence motifs. Adjacent to these telomere-similar repeats we found a dispersed repetitive element reiterated approximately five times in the A. thaliana genome. The nucleotide sequence of the dispersed repeat is unusual, being extremely ATrich and composed of numerous, overlapping repeat motifs.
INTRODUCTION
The DNA sequences at the extreme chromosomal termini of many, perhaps all, eukaryotes is composed of tandem repeats of short, G-rich sequence blocks (described by the loose consensus 5'[T/A1 4G1 8]3' [as read towards the chromosomal terminus]) (reviewed in 1). DNA sequences which are similar to these telomeric repeats have also been found at various nontelomeric locations within the genome of many organisms.
Telomere-similar DNA is frequently found in telomere-flanking regions. For example, most Saccharomyces cerevisiae telomereflanking regions contain short (50-150 bp) tracts of the telomeresimilar sequence, (TGI_3)n, separating tandemly arranged units of the moderately repeated elements, x and Y' (2) . Similarly, in the protozoan Plasmodium berghei, approximately 150 bp of degenerate telomere-similar sequences are found embedded within a 2.3 kb tandem repeat located in subtelomeric regions (3, 4) . Degenerate telomere motifs have also been noted in telomere-flanking regions in Trypanosomes (5) .
Not all telomere-similar sequences are located close to chromosomal termini, however. Some of the earliest characterized centromeric satellite DNAs were found to be composed of tandemly repeated variants of TTAGGG (6, 7) . More recently, in situ hybridization experiments, using a human telomere repeat (TTAGGG)n, have revealed the presence of telomere-similar sequences at the centromere of human chromosome 2 and the centromeres of several vertebrate chromosomes (8, 9) .
EMBL accession nos X58101 -X58106 (incl.)
The presence of telomere-similar sequences at the centromere is not restricted to animal chromosomes. In this report, we describe the structure of repetitive DNA elements from the flowering plant, Arabidopsis thaliana, which contain telomeresimilar sequences but which lie in the centromere region of chromosome 1 . In addition, we report the structure of an unusual repetitive element which resides next to an array of these telomere-similar repeats.
METHODS

Plasmids and probes
Four cloning/sequencing vectors were used in this study: pSDC13 (10) , pUC12 (11) , Ml3mpl8 (12) and pBluescript KS-(Stratagene). A. thaliana telomeric probes were generated by radiolabeling the 0.4 kb PstI-BamHI insert of pAtT4 (13) which contained tandem repeats of the A. thaliana telomeric sequence,
5'[TTTAGGG]-3'.
DNAs were prepared by standard procedures (14) . Radioactive probes were made by the random priming method using kits purchased from 
Southern hybridization
Total genomic DNA from the Landsberg and Columbia ecotypes were prepared as described in Ausubel et al. (14) . A. thaliana nuclear DNA was prepared by the protocol outlined in Olszewski et al. (15) .
Exonuclease digestion of A. thaliana nuclear DNA was performed using 0.25 U/ml of Bal31 nuclease at 30°C at a DNA concentration of 10 ytg/ml in 12 mM CaCl2, 24 Figure 2 . Molecular organization of telomere-similar clone pAtTl2. The 14.3 kb insert of pAtT12 contains two domains: an 11.7 kb region containing highly reiterated telomere-similar DNA sequences, and a 2.6 kb 'flanking region' devoid of telomere-similar sequences. The restriction map of the insert, shown at the bottom of the figure, illustrates the high density and periodic distribution ofHindJIl and Dral sites in the telomere-similar region. The insert was cloned into pSDC13 as a BamHI to blunt end fragment; the PstI site shown at the left end of the insert is derived from the vector polylinker. The hybridization probes (A and B) and the 2.5 kb Columbia-specific Dra1 fragment used in the RFLP mapping experiments are shown at the lower right. Figure lA) .
Restriction mapping of the pAtT12 insert was performed by the endlabeling/partial digestion protocol of Boseley et al. (18) .
DNA sequencing
The -500 bp and = 180 bp HindIH fragments from the pAtT12 insert were prepared for sequencing by subcloning into either pUC 12 or Ml3mpl8 using standard procedures. The following subclones were sequenced: pAtT20 (527 bp), pAtT24 (491 bp), pAtT25 (483 bp), pAtT28 (183 bp) and pAtT29 (183 bp).
The pAtT12 flanking region was subcloned into pBluescript KS -to generate pAtT27. Deletion derivative of pAtT27 suitable for sequencing were made using the nested exolII/nuclease SI deletion procedure (14) .
Dideoxy sequencing reactions were carried out, on both singleand double-stranded templates, using Sequenase enzyme and kits purchased from United States Biochemicals. Some regions were sequenced using oligonucleotide primer made on a Biosearch DNA synthesizer (New Brunswick Scientific).
RFLP mapping
The RFLP mapping was done as described in Nam et al. (19 Figure 2 . Southern blot experiments indicated that the 2.6 kb region residing at the right end of the insert as drawn in Figure 2 (referred to as 'flanking region') does not contain telomere-similar sequences (data not shown). The remaining 11.7 kb of the 14.3 kb insert is comprised of many short HindIH and DraI restriction fragments, most of which cross-hybridized with the telomeric probe. The high density and relatively even spacing of HindIll and DraI restriction sites in the telomere-similar region (see Figure 2) 1 kb and = 500 bp HindIlI fragments cross-hybridized with the telomeric probe, while the = 180 bp HindIII fragments did not (data not shown).
To elucidate the structure and organization of sequences in the telomere-similar region of pAtT 12, we determined the DNA sequence of three = 500 bp and two = 180 bp HindIll restriction fragments from this region (Figure 3) . The larger HindIII fragments range in size from 483 to 527 bp. These sequences display 79 to 89% similarity with each other, and contain a 150 to 200 bp simple-sequence domain (nucleotides 150-350 in Figure 3 ) which resembles the [TTTAGGG]n structure of A. thaliana telomeres. The variable length of the simple-sequence region accounts, in part, for the different sizes of the repeat units. Several identical matches to the telomeric motif are present in the simple-sequence region but most of the domain is composed of imperfect telomere-similar repeats. The degenerate nature of the telomere-like repeats explains why the telomeric clone pAtT4 hybridizes strongly to these repeats only under low stringency conditions. The = 180 bp HindIll fragments are closely related to the = 500 bp element but lack the telomere-similar domain.
The DNA sequence and restriction mapping data indicate that the pAtT12 insert is primarily composed of many copies of related telomere-similar repeats. The irregularities in the spacing of the HindIII sites seen in Figure 2 (22) , features common to most higher eukaryotic organisms. These considerations prompted us to determine the chromosomal location of the telomere-similar repetitive DNA array contained in the pAtT12 insert.
Chromosomal localization of the pAtT12 insert sequences was accomplished by utilizing the RFLP mapping tools recently developed for A. thaliana (19) . RFLP alleles recognized by lowcopy number probes from the flanking region of the pAtT12 insert were genetically mapped in segregating F2 populations of an inter-ecotype cross (Landsberg x Columbia). The first hybridization probe used was a 470 bp HindIII-DraI fragment (probe A, see Figure 2 ) which hybridized to a 2.5 kb DraI fragment present only in genomic DNA from the Columbia ecotype parent. The position of the corresponding 2.5 kb DraI fragment in pAtT12 is noted in Figure 2 hybridization probe was derived from the extreme right end of pAtT12, designated probe B (see Figure 2 ). As shown in Figure 4, Figure 5 , the pAtT12 insert was derived from genomic sequences which reside in the middle of chromosome 1, in the vicinity of the centromere. The pAtTl2 RFLP is closely linked to several other RFLP markers and the morphological marker chl; because of this tight linkage the order of the markers in this region can not be unambiguously defined (See Figure 5A) . To construct the simplified region of the RFLP map shown in Figure SB , we placed a constraint on the order of the chl and NIA2 markers by correlation with the genetic map. The NIA2 RFLP is defined by a nitrate reductase structural gene which corresponds to the chl3 (reduced nitrate reductase activity leading to chlorate resistance) genetic marker (23, Jack Wilkinson and Nigel Crawford, pers. com.). Given this information, the most likely map position for the pAtTl2 insert DNA is within 1 cM of chl in the interval between chl and NIA2.
Koornneef and co-workers have determined that centromere 1 is closely linked to chl, and resides in the genetic interval between the ttl and chl markers (24, 25) . Based on these data, it is likely that the telomere-similar repetitive array cloned in pAtTl2 is associated with the centromeric heterochromatin of chromosome 1.
Structure of the dispersed repetitive sequences in pAtT12 flanking region As evidenced by the number of bands seen in Figure 4 , the flanking region of pAtT12 contains repetitive DNA sequences. Subsequent attempts to find probes in the flanking region which hybridize to only one locus have failed. Consequently, the entire flanking region is comprised of repeated DNA sequences. Moreover, the repeats map to at least two different chromosomal locations since the Landsberg-specific RFLP allele LI recognized by probe B maps to the central region of chromosome 5 (data not shown).
We determined the DNA sequence of the 2.6 kb flanking region of pAtTl2 in order to study the structure of the dispersed repetitive element (See Figure 6) . The junction between the telomere-similar repeats and the flanking region lies at approximately nucleotide 90 on the sequence shown in Figure 6 . The sequence of the flanking region has several notable features, most prominent are two AT-rich domains which contain numerous direct repeats. The first domain (nucleotides 319 through 798) is 80% AT and the second (AT content = 66%) domain lies between nucleotides 1742 and 2300. The complex organization of the larger direct repeats (2 9 bp) is shown. Most of the repeat motifs are reiterated only twice, and are frequently superimposed. Other notable features of the flanking region sequence are a CT-rich region (82% CT, nucleotide 952-1092) and a large palindrome ((32 nucleotides, nucleotide 2363 to 2394). Only one small open reading frame was found (149 amino acids, residues 1162-1608). Searches of the databases with the peptide sequence predicted from the small open reading frame
DISCUSSION
We have described the structure of an A. thaliana genomic clone, pAtT12, derived from the centromere region of chromosome 1. The majority of the pAtT12 insert is comprised of highly reiterated telomere-similar repetitive DNA. The telomere-similar repeats are approximately 500 bp in length and contain a simplesequence region of variable size composed of degenerate telomere repeats. Simoens et al. (26) independently reported the sequence of a 500 bp A. thaliana repeat family which corresponds to the telomere-similar repetitive elements described here. Analysis of the genomic clone pAtT12 indicated that the telomere-similar repeats are arranged in tandem arrays which are frequently interspersed with related repeats which lack the telomere-similar simple-sequence domain.
As discussed in the introduction, there is precedence for telomere-like sequences located at the centromeres in certain animal cells. It has been proposed that centromeric telomeresimilar sequences are remnants of telomeric repeat motifs left behind after Robertsonian fusion events (i.e., end-to-end fusion between two telocentric or acrocentric chromosomes creating a single metacentric chromosome) (8, 27) . This mechanism can not easily account for the presence of the centromeric telomeresimilar arrays in A. thaliana which contain non-telomeric sequences in addition to degenerate telomeric motifs. It is possible, however, that telomere-similar repeats are normally found in subtelomeric regions, and became internalized by a 'telomere fusion' event that left behind telomere-flanking DNAs if not the true telomeres themselves. An alternative hypothesis for the origin of the A. thaliana centromeric telomere-similar repetitive arrays stems from the observations of Simoens et al. (26) . These authors have shown that the 500 bp telomere-similar repeat is closely related to the abundant A. thaliana 180 bp Hindm repeat described by Martinez-Zapater et al. (28) , and suggested that the telomere-similar element arose by insertion of telomeric sequences into the 180 bp element. The telomere-similar repeats may then have spread to the centromere regions by recombination with related repeats already present in the centromeric heterochromatin. At present, we do not know if the A. thaliana telomere-similar repeats are found at non-centromeric locations.
In pAtT 12, the telomere-similar repeats reside next to an unusual repetitive element which is reiterated approximately five times in the A. thaliana genome. We have demonstrated that one copy of this element is located in the central region of chromosome 5, in addition to the copy linked to centromere 1. The general organization of the moderately repetitive element is reminiscent of repeats found in the centromere region of Schizosaccharomyces pombe chromosomes, designated dg and dh (or K) (29, 30, 31, 32) . Like the A. thaliana centromerelinked repeat, these S. pombe repeats contain AT-rich regions and domains with numerous short direct repeats. Short regions of nucleotide similarity were found in comparisons between the pAtT12 flanking region and the S. pombe repeats, but the significance of these similarities is difficult to assess. Although the S. pombe repeats have been shown to be important for centromere function, the DNA sequence elements within these repeats which are required for S. pombe centromere have not been established (34 
